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Shor t  Abst rac t :  
The purpose of t h i s  r e sea rch  was t o  o b t a i n  d e t a i l e d  
information concerning t h e  molecular  mechanics ( t h e  'dynamics')  
of r e a c t i o n s  which p l a y  a  p a r t  i n  t h e  chemis t ry  of t h e  upper 
atmosphere. The d e t a i l e d  informat ion  took t h e  form of quan- 
t i t a t i t r e  d a t a  concerning t h e  r a t e  of r e a c t i o n  i n t o  s p e c i f l e d  
s t a t e s  of product  v i b r a t i o n ,  r o t a t i o n  and t r a n s l a t i o n  
(k ( v '  , J' ,TI) ) f o r  exothermic r e a c t i o n ,  and hence s i m i l a r  
information concerning t h e  r a t e  of  r e a c t i o n  from s p e c i f i e d  
s t a t e s  of r eagen t  v i b r a t i o n ,  r o t a t i o n  and t r a n s l a t i o n  
(k (v '  , J ' ,, ." ! ! f o r  endothermic r e a c t i o n .  The t echn iques  used 
we:@--e v a r i a n t s  on t h e  i n f r a r e d  chemiluminescence method, 
developed over t h e  p a s t  Zecade i n  t h e  p r i n c i p a l  i n v e s t i g a t o r ' s  
l abora to ry .  The method i s ,  a t  th,? p r e s e n t  t i m e ,  t h e  on ly  
one t h a t  provides  d a t a  a t  t h i s  l e v e l  of d e t a i l .  P a r t i c u l a r  
emphasis was placed i n i t i a l l y  on r e a c t i o n s  t l l a t  formed, and 
t h a t  removed, v i b r a t i o n a l l y - e x c i t e d  hydroxyl r a d i c a l s .  
Fundamental s t u d i e s  were a l s o  performed on exothermic (and 
hence endothermic) r e a c t i o n s  involving hydrogen h a l i d e s  -- 
t h e  non-equilibrium chemis t ry  o f  t h e s e  s p e c i e s  cou ld  be of 
g r e a t  importance i n  t h e  upper atmosphere. 
F i n a l  R e ~ o r t  
C u r r e n t  chemica l  r e s e a r c h  i s  beg inn ing  t o  r e v e a l  t h e  
n a t u r e  of t h e  a tomic  and molecular  mot ions  d u r i n g  t h e  c o u r s e  
of  a chemica l  r e a c t i o n .  If w e  are t o  unde r s t and  t h e  
behavior  of  a  r e a c t i n g  sys tem,  it i s  v i t a l  t h a t  w e  know n o t  
o n l y  t h e  g r o s s  r a t e  of  r e a c t i o n ,  b u t  what might  b e  termed 
t h e  ' f i n e  s t r u c t u r e '  o f  t h a t  r a t e .  By t h i s  is  meant t h e  
dependence o f  t h e  rate on  t h e  p a r t i t i o n i n g  o f  t h e  r e a g e n t  
energy  between v i b r a t i o n ,  r o t a t i o n  and t r a n s l a t i o n  (and i n  
some cases e l e c t r o n i c  e x c i t a t i o n )  i n  t h e  r e a g e n t s  and 
p roduc t s .  T h i s  i s  p a r t i c u l a r l y  i m p o r t a n t  i n  r e a c t i v e  
sys tems  a t  low p r e s s u r e s ,  where r e a g e n t s  and p r o d u c t s  o f t e n  
e x i s t  i n  s t a t e s  o f  t he rma l  d i s e q u i l i b r i u m .  The uppe r  
1 
atmosphere  i s  j u s t  such  a system . 
There e x i s t  t oday  two t e c h n i q u e s  which can  b e  a p p l i e d  
t o  t h e  d e t e r m i n a t i o n  of  t h e  d e t a i l e d  dynamics o f  s i m p l e  
chemica l  r e a c t i o n s .  One of t h e s e  i s  t h e  method o f  c r o s s e d  
molecu la r  beams 2. Thi s  method g i T r e s  d e t a i l s  c o n c e r n i n g  t h e  
t r a n s l a t i o n a l  ene rgy  i n  t h e  r e a c t i o n - p r o d u c t s  (and hence  t h e  
sum of  t h e  v i b r a t i o n a l  and r o t a t i o n a l  e x c i t a t i o n ,  which 
-
c o n s t i t u t e s  t h e  b a l a n c e  of t h e  e n e r g y ) ,  and conce rn ing  t h e  
a n g u l a r  d i s t r i b u t i o n  i n  t h e  p r o d u c t s .  The o t h e r  method 
g i v e s  d e t a i l e d  i n f o r m a t i o n  r e g a r d i n g  t h e  v i b r a t i o n a l ,  rota-  
t i o n a l ,  and (hence)  t r a n s l a t i o n a l ,  e n e r g y - d i s t r i b u t i o n s  i n  
t h e  p r o d u c t s  o f  exothermic  r e a c t i o n s .  By a p p l i c a t i o n  o f  
mic roscop ic  r e v s r s i b i l i t y  it i s  p o s s i b l e  t o  d e r i v e  s i m i l a r l y  
d e t a i l e d  i n f o r m a t i o n  conce rn ing  t h e  e f f e c t  on t h e  r a t e  of  
t h e  r e v e r s e  (endothermic)  r e a c t i o n s ,  o f  v a r i a t i o n  i n  t h e  
- 2 - 
d i s t r i b u t i o n  of  t h e  r e a g e n t  energy among v i b r a t i o n ,  r o t a -  
t i o n  and t r a n s l a t i o n  5 t 6  
The i n f r a r e d  chemiluminescence method has  been a p p l i e d  
under t h i s  G r m t  p r i n c i p a l l y  t o  t h e  r e a c t i o n s  (i) H + O3 + 
OH + O2 N1tN2 ( t h e  r e f e r e n c e s  preceded by a  let ter  N can be 
found i n  t h e  l i s t  of "Papers Published wi th  t h e  Support  of  
NASA Grant NGR 52-026-028), (ii) 1-1 + C12 -+ HC1 + C 1  N3 ,N13 1 
N4 (iii) H + SC12 + HC1 + SC1 , ( i v )  C 1  + H I  -+ HC1 + I N7,N12 t 
(v) H + F2 -+ HF + F N14t ( v i )  F + H C ~  -+ HF + ~1 N17. Thess 
experimental  s t u d i e s  have been supplemented by t h e o r e t i c a l  
s t u d i e s  applying t h e  c l a s s i c a l  t r a j e c t o r y  method ( i n  3D) N6,N15 
o r  s imple a n a l y t i c a l  c o n s i d e r a t i o n s  N8tN18. Some work was 
performed on t h e  p e r i p h e r a l  t o p i c s  of  e l e c t r o n i c - t o - v i b r a t i o n a l  
ene rgy- t rans fe r ,  and r o t a t i o n a l - t o - t r a n s l a t i o n a l  energy 
t r a n s f e r .  The d e t a i l s  of  both  of t h e s e  p rocesses  have 
re levance  t o  t h e  energy d i s t r i b u t i o n s  of  r e a c t i n g  s p e c i e s  i n  
t h e  upper ct.mosphere. 
Thz m?ln f i n d i n g s  from t h i s  work can  be aumrnarised a s  
fo l lows:  
(1) The two v a r i a n t s  of t h e  i n f r a r e d  chemiluminescence 
method termed 'measured r e l a x a t i o n  (M.R.)'and ' a r r e s t e d  
r e l a x a t i o n  ( A . R . ) '  g i v e  i n i t i a l  v i b r a t i o n a l  d i s t r i b u t i o n s  i n  
r e a c t i o n  p roduc t s ,  k ( v f ) ,  t h a t  a r e  i n  s a t i s f a c t o r y  agreement 
[Paper N3 and N13] . 
(2 )  The r e a c t i o n  H + O3 + O H ( v ' , J V )  + O2 channels  
i ts  exo the rmic i ty  i n t o  v i b r a t i o n a l  and r o t a t i o n a l  e x c i t a t i o n  
of OH, wi th  extremely h igh e f f i c i e n c y .  The po ten t i a l - energy  
s u r f a c e  must be h igh ly  ' a t t r a c t i v e ' ,  f o r  a  r e a c t i o n  of  
atomic Ii  t o  show t h e s e  dynamics. The v i b r a t i o n a l  e x c i t a t i o n  
of t h e  second r e a c t i o n  p roduc t ,  O2 , is n e g l i g i b l e  [Paper  
N2). 
( 3 )  The r e a c t i o n  B + SC12 -+ HC1 + SC1 showed 
evidence of two types  of r e a c t i o n  dynamics, i .e.  t w o  
c h a r a c t e r i s t i c  p a t h s  a c r o s s  t h e  po ten t i a l - energy  hypersur face  
led t o  t h e  same r e a c t i o n  p roduc t s  w i t h  d i f f e r e n t  v i b r a t i o n a l -  
r o t a t i o n a l  energy d i s t r i b u t i o n s .  T h i s  i n t r i g u i n g  f i n d i n g  
was, however, n o t  conclus ive .  A f u r t h e r  s tudy  i s  planned 
[Paper N4] . 
( 4 )  E l e c t r o n i c - t o - v i b r a t i o n a l  energy t r a n s f e r  ( i n  
Hg* + HF) was a n  e f f i c i e n t  p rocess  d e s p i t e  be ing non- 
r e sonan t .  P r o g r e s s i v e l y  h igher  v i b r a t i o n a l  l e v e l s  were 
populated wi th  d iminishing e f f i c i e n c y ;  i .e .  k ( v )  f e l l  
r a p i d l y  wi th  i n c r e a s e  i n  v  up t o  t h e  l i m i t  of d e t e c t i o n ,  
v=6. [Paper N51. 
( 5 )  Reactions proceeding a c r o s s  po ten t i a l - energy  
hypersur lhcps  ~ h i c h  (viewed on t h e  c o l l i n e a r  s e c t i o n  through 
t h e  hypersurface)  have an  e a r l y  b a r r i e r - c r e s t , p r o c e e d  most 
r a p i d l y  i f  t h e  reagen t  er-ergy is  v e s t e d  i n  r e l a t i v e  t r a n s -  
l a t i o n .  (The r e a c t i o n  H + O3 -+ OH + O2 would be  of t h i s  
t y p e  s i n c e  a n  exothermic r e a c t i o n  has  an  e a r l y  b a r r i e r ,  
p a r t i c u l a r l y  i f  t h e  s u r f a c e  is  ' a t t r a c t i v e ' ) .  Reagent 
v i b r a t i o n  ( f o r  example i n  a n  Oj s t r e t c h i n g  mode) would be 
less e f f e c t i v e  i n  promoting t h e  r e a c t i o n .  The e f f e c t  on t h e  
dynamics of a  l i g h t  a t t a c k i n g  atom ( a s  i n  H + 03) was shown 
t o  be such a s  t o  d imin i sh  b u t  n o t  t o  remove t h i s  ' p r e f e r e n c e '  
f o r  r e a g e n t  t r a n s l a t i o n .  For s u r f a c e s  w i t h  a  l a t e  b a r r i e r - c r e s t  
( f o r  example t h e  endothermic r e a c t i o n  011 + O2 + H + O j )  
v i b r a t i o n  would be by f a r  t h e  most e f f e c t i v e  form o f  
reagent -energy  f o r  promoting r e a c t i o n .  [Paper  N61. 
( 6 )  Under t h i s  g r a n t  a method was deve loped  f o r  
s e m i - q u a n t i t a t i v e  s t u d i e s  o f  t h e  e f f e c t  of changing  r e a g e n t  
energy  on  p roduc t  e n e r g y - d i s t r i b u t i c n .  A t o m i c  H formed by 
vacuum U . V .  p h o t o l y s i s  i n  t h e  upper  a tmosphere  would have a 
g r e a t l y  enhanced t r a n s l a t i o n a l  ene rgy  and c o n s e q u e n t l y  would 
r e a c t  w i t h  h i g h  p r o b a b i l i t y  w i t h  0) (see (5 )  a b o v e ) .  T h i s  
cou ld  d i s t o r t  t h e  p r o d u c t  v i b r a t i o n a l  ene rgy  d i s t r i b u t i o n .  
A l t e r n a t i v e l y  t h e  a b s o r p t i o n  of l i g h t ,  or e n e r g y - t r a n s f e r  
p r o c e s s c s ,  c o u l d  g i v e  rise t o  v i b r a t i o n a l l y - e x c i t e d  O3 which 
would a l s a  r e a c t  w i t h  a tomic  H t o  produce a mod i f i ed  0 1 1 ( v 4 , J ' )  
p r o d u c t - d i s t r i b v t i o n .  Exper imenta l  s t u d i e s ,  and t h e o r e t i c a l  
s t u d i e s  a l s o ,  have l e d  u s  t o  conc lude  t h a t  r e a g e n t  t r a n s l a -  
t i o n a l  ene rgy ,  AT, i n  excess of t h e  b a r r l e r  t o  r e a c t i o n  i s  
c o n v e r t e d  ; cedominan t ly  i n t o  p r o d u c t  t r a n s l a t i o n  and  r o t a -  
t i o n ,  Aft + .4d1. By c o n t r a s t  r e a y e n t  v i b r a t i o n ,  AV, 
becomes p r o d u c t  v i b r a t i o n ,  AV' .  [The b e g i n n i n g s  of  t h e s e  
s t u d i e s  are t o  S e  found i n  p a p e r s  N 7  and N17 b o t h  o f  which 
are exper imsnta l . ,  and i n  t h e  t h e o r e t i c a l  s t u d y ,  N151. 
( 7 )  Exothermic chemica l  r e a c t i o n s  f r e q u e n t l y  g i v e  
rise t o  r e a c t i o n  p r o d u c t s  i n  a f a i r l y  nar row r a n g e  o f  h i g h l y  
r o t a t i o n a l l y - e x c i t e d  s t a t e s .  A t  t h e  p r e s s u r e s  t h a t  a p p l y  i n  
t h e  upper  a tmosphere  a molecule  w i l l  s u f f e r  210-lo3 c o l l i -  
s i o n s  b e f o r e  r e a c t i n g ,  o r  r a d i a t i n g  i n  t h e  i n f r a r e d .  There  
is  e v i d e n c e  t h a t  t h i s  number o f  c o l l i s i o n s  i s  i n s u f f i c i e n t  
t o  produce  complete  r o t a t i o n a l  t h e r m a l i s a t i o n  i n  m o l c c u l e s  of  
low moment-of - i n e r t i a  ( such  as  011) . It is t h e r e f o r e  of  
i n t e r e s t  t o  examine t h e  p a t t e r n  of  r o t a t i o n a l  r e l a x a t i o n .  
T h i s  was done e x p e r i m e n t a l l y ,  w i t h  i n t e r e s t i n g  r e s u l t s .  
The p e c u l i a r  double-peaked r o t a t i o n a l  d i s t r i b u t i o n  t h a t  was 
found t o  be ,reduced by t h e  r e l a x a t i o n  c o u l d  b e  e x p l a i n e d  by 
a  s imp le  model acco rd ing  t o  which t h e  p r o b a b i l i t y  of  r o t a -  
t i o n a l - t o - t r a n s l a t i o n a l  e n e r g y - t r a n s f e r  d i m i n i s h e d  exponen t i -  
a l l y  w i t h  i n c r e a s i n g  energy  o f  t h e  r o t a t i o n a l  quantum be ing  
t r a n s f e r r e d .  [Paper N8] . 
(8 )  Mention h a s  been made (under  items (2), (3 )  and 
( 5 ) ,  f o r  example) of t h e  impor tance  o f  t h e  'geography '  o f  
t h e  ' p o t e n t i a l - e n e r g y  h y p e r s u r f a c e '  -- t h a t  i n c o r p o r a t e s  
i n f o r m a t i o n  r e g a r d i n g  t h e  i n t e r a t o m i c  f o r c e s  -- i n  d e t e r -  
mining t h e  p a r t i c u l a r s  of t h e  r e a c t i o n  dynamics.  I t  i s  of  
i n t e r e s t  t o  know whether p u r e l y  ' k i n e m a t i c '  e f f e c t s  d e r i v i n g  
from t h e  r e l a t i v e  masses  o f  t h e  r e a c t i n g  s p e c i e s  can  
predomina te  Tq e x p e r i m e n t a l  and t h e o r e t i c a l  s t u d i e s  of t h e  
r e a c t i o n s  X + HY -+ HX + Y (where X and Y were ha logen  a t o m s ) ,  
X + H Z  + XH + H I  and H + X 2  + HX + X I  w e  have found good 
e v i d e n c e  f o r  a l a r g e  ' k i n e m a t i c '  e f f e c t .  B r i e f l y - s t a t e d  
t h i s  e f f e c t  d e r i v e s  from t h e  slow approach  o f  t h e  heavy 
a t t a c k i n g  atom i n  X + HY and X + H2 ( t h e  app roach  i s  slow 
f o r  X + H2 compared w i t h  t h e  r a p i d  s e p a r a t i o n  o f  t h e  atoms 
i n  H 2 ) ,  and  t h e  r a p i d  approach  o f  t h e  l i g h t  a t t a c k i n g  atom 
i n  H + X 2  ( o r  H + 0 3 ) .  One consequence i s  a n  e f f i c i e n t  
c o n v e r s i o n  of  r e a c t i o n  energy  i n t o  i n t e r n a l  e x c i t a t i o n  o f  t h e  
new molecule  i n  t h e  former  c a s e  (even on a  ' r e p u l s i v e '  
e n e r g y - s u r f a c e ) ,  and a  much lower  e f f i c i e n c y  i n  t h e  l a t t e r  
c a s e  (on a  ' r e p u l s i v e '  e n e r g y - s u r f a c e ) ,  [ P a p e r s  N12, N13, 
N14, N15, N18] . 
( 9 )  I n  a s p e c u l a t i v e  review-article a t t e n t i o n  was 
drawn t o  t h e  p o s s i b l e  impor t ance  o f  a n i s o t r o p y  i n  s c a t t e r i n g  
a n g l e s ,  a n a  o f  t r a n s l a t i o n a l  (and p e r h a p s  r o t a t i o n a l )  d i s -  
e q u i l i b r i u m ,  i n  t h e  p r o d u c t s  o f  r e a c t i o n s  o c c u r r i n g  i n  
i n t e r s t e l l a r  s p a c e .  [Paper  N l l ]  . 
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